Introduction {#s1}
============

HTRA1 (also called PRSS11) is a member of the High Temperature Requirement A (HTRA) family of serine proteases, which are characterized by a trypsin-like serine protease domain and at least one C-terminal PDZ domain. Mammalian HTRA1 plays a role in a variety of normal physiological processes, including protein degradation and cell signaling, and has been implicated in skeletal development and osteogenesis [@pone.0074094-Oka1]--[@pone.0074094-Hadfield1]. In addition, HTRA1 has been shown to be involved in several pathologies, in particular conditions involving aberrant deposition of extracellular matrix. For example, a single nucleotide polymorphism within the promoter region of the *HTRA1* gene has been linked to cases of age-related macular degeneration. This has been correlated to increased expression of HTRA1 protein [@pone.0074094-Dewan1], [@pone.0074094-Yang1], which was shown to alter the choroid layer within the eye in part by cleaving fibulin 5 [@pone.0074094-Vierkotten1]. Mutations in the *HTRA1* gene are also believed to cause a rare disease called cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy, commonly known as CARASIL, which is a hereditary ischemic cerebral small-vessel disease [@pone.0074094-Hara1]. These mutations decrease HTRA1 protease activity and consequently lead to disinhibition of the transforming growth factor-β (TGF-β) family signaling. In addition to these functions, HTRA1 may affect numerous other cell processes via its regulation of TGF-β signaling, including bone formation. TGF-β plays a key role in bone remodeling by inducing osteoblast differentiation and proliferation [@pone.0074094-Bonewald1] and by stimulating migration of bone mesenchymal stem cells [@pone.0074094-Tang1]. Therefore, HTRA1-mediated modulation of TGF-β signaling may contribute to the regulation of bone homeostasis and disease processes, in particular those involving loss of bone structure.

The TGF-β superfamily of mammalian proteins consists of more than 30 structurally-related cytokines, including TGF-βs, bone morphogenic proteins (BMPs), activins, and nodals. These proteins signal through transmembrane serine-threonine kinase receptors known as type I (TβRI) and type II (TβRII) receptors. Upon ligand binding, TβRI and TβRII associate, leading to phosphorylation of TβRI by TβRII. This signaling can be enhanced by Type III TGF-β receptor (TβRIII, also called betaglycan). TβRIII is a co-receptor for TGF-β. In its membrane-bound form this co-receptor potentiates TGF-β binding to the type II receptor, thereby enhancing signaling [@pone.0074094-LopezCasillas1], [@pone.0074094-Sankar1]. Following activation of the receptors, TβRI propagates the signal via the intracellular phosphorylation of receptor-regulated Smad proteins (R-Smads). The phosphorylated Smad complex then translocates into the nucleus where it functions as a transcription factor to regulate gene expression downstream of TGF-β signaling.

Although HTRA1 has been shown to inhibit TGF-β signaling [@pone.0074094-Oka1], [@pone.0074094-Shiga1], [@pone.0074094-Tocharus1], the exact mechanism of regulation is not fully defined. It has been previously shown that the effect of HTRA1 on TGF-β family signaling is dependent on its proteolytic activity and requires an active protease domain, however it does not appear to cleave these factors [@pone.0074094-Oka1]. It has been reported that HTRA1 can regulate TGF-β signaling by cleaving the pro-domain of proTGF-β within the endoplasmic reticulum [@pone.0074094-Shiga1]. This intracellular mechanism does not fully explain HTRA1 regulation of TGF-β signaling however, as the addition of recombinant HTRA1 to the cell culture medium can inhibit the effects of TGF-β [@pone.0074094-Oka1]. We believe there may be more than one point at which HTRA1 can affect the TGF-β pathway, therefore we set out to further investigate the mechanism by which HTRA1 antagonizes TGF-β signaling. Our results indicate that HTRA1 cleaves the TGF-β receptors TβRII and TβRIII, but not TβRI, resulting in a decrease in downstream signaling. Importantly, we also revealed a critical role of HTRA1 in the regulation of bone homeostasis by using targeted gene deletion. We found that deletion of *HTRA1* caused a marked increase in bone formation in mice, possibly due to the disinhibition of TGF-β family signaling.

Materials and Methods {#s2}
=====================

Ethics Statement {#s2a}
----------------

All animal studies were approved and performed within strict accordance of the guidelines established by the Pfizer Institutional Animal Care and Use Committee. Mice were euthanized using carbon dioxide inhalation, and all efforts were made to minimize animal suffering.

Cell Culture and Treatments {#s2b}
---------------------------

HeLa cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen Life Technologies) and A549 cells were cultured in F-12K medium (American Type Culture Collection), both supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin (Invitrogen Life Technologies). Mouse embryonic fibroblasts were prepared from embryos between 10 and 12 days gestation as previously described [@pone.0074094-Lengner1], and cultured in Dulbecco's modified Eagle's medium supplemented with 10% FBS, penicillin-streptomycin, and MEM non-essential amino acids (Invitrogen Life Technologies). For treatments with TGF-β, cells were transferred to serum-free medium for 24 hours and then treated with a vehicle control containing 0.4 mM HCl and 0.1% BSA or treated with TGF-β (R&D Systems) at the concentrations and for times indicated within the text.

siRNA Transfections {#s2c}
-------------------

Cells were transfected with 25 nM of predesigned siRNAs against either HTRA1 (Invitrogen Life Technologies) or a nonspecific negative control (QIAGEN) using either Lipofectamine RNAiMAX (Invitrogen Life Technologies) for HeLa cells or Lipofectamine 2000 (Invitrogen Life Technologies) for A549 cells according to the suggested protocol. Knockdown efficiency was assessed by western blot.

Luciferase Assays {#s2d}
-----------------

HeLa cells were co-transfected with either a negative control plasmid or an inducible Smad-responsive luciferase reporter plasmid from the Cignal Smad Reporter Assay Kit (SABiosciences), along with either a control plasmid (pTMED) or 0, 25, 50, 100 or 150 ng of a plasmid encoding HTRA1 (HtrA1-pTMED). Transfections were performed using FuGENE 6 (Roche Applied Science) according to the manufacturer's protocol. Cells were incubated at 37°C for 24 hours, after which they were treated with TGF-β for 16 hours. Cells were then lysed and assayed for firefly and *Renilla* luciferase activities using the Dual-Glo Luciferase Assay Kit (Promega).

*In vitro* Cleavage of TGF-β Receptors by HTRA1 {#s2e}
-----------------------------------------------

0.5 µM purified TβRIII, TβRII, and TβRI (R&D Systems) were incubated with 0.02, 0.1, or 0.5 µM purified HTRA1 (aa 157--480) or 0.5 µM S328A (aa 157--480) with or without a synthetic peptide agonist (CPII) [@pone.0074094-MurwantokoYano1] (AnaSpec) overnight at 37°C. HTRA1 and S328A were purified as previously described [@pone.0074094-Chamberland1]. Cleavage products were visualized by western blots.

Cleavage of TGF-β Receptors from the Cell Surface {#s2f}
-------------------------------------------------

HeLa cells were transfected with either a control plasmid (pTMED) or an HTRA1 encoding plasmid (HTRA1-pTMED) in addition to plasmids encoding TβRIII (pCMV6-XL4, Origene), TβRII (pCMV6-XL4, Origene), or TβRI (pCMV6-XL, Origene) using FuGENE 6 reagent (Roche Applied Science). After 48 hours, cell surface proteins were biotinylated using 0.5 mg/mL sulfo-NHS-biotin (Pierce) for 30 min at 4°C. Cells were lysed and biotinylated cell membrane proteins were purified using streptavidin magnetic beads (Pierce). Cell surface expression of TGF-β receptor proteins was measured by western blot analysis. HTRA1 protein levels were determined by western blot analysis of conditioned medium using an anti-His antibody (Santa Cruz).

Western Blot Analysis {#s2g}
---------------------

Proteins were separated by electrophoresis in 4--20% Tris-Glycine gels (Invitrogen Life Technologies), transferred to a nitrocellulose membrane, and incubated with primary antibodies against TβRIII, TβRII, TβRI, cadherin (all from Cell Signaling), His-tag (Santa Cruz), Smad2/3 (BD Transduction Laboratories), phospho-Smad2 (Millipore), HTRA1 (Abgent) or β-actin (Sigma). Blots were visualized using horseradish peroxidase-conjugated secondary antibodies (Santa Cruz) and chemiluminescence (Perkin Elmer). Whole-cell extracts were prepared by lysing cells with radioimmunoprecipitation assay (RIPA) lysis buffer supplemented with protease and phosphatase inhibitor cocktails (Roche Applied Science) and then used for western analysis.

Flow Cytometry {#s2h}
--------------

Cells were harvested by treating with 0.5 mM EDTA, and re-suspended in PBS supplemented with 1% BSA at a concentration of 4×10^6^ cells/ml. Cells were then incubated with either biotinylated negative control protein or biotinylated TGF-β (R&D Systems), followed by staining with avidin-FITC (R&D Systems) and Hoechst dye (Sigma Aldrich). Final flow cytometric analyses were performed on a BD FACSCanto II and processed with BD FACSDiva software.

Quantitative RT-PCR {#s2i}
-------------------

RNA extracts were prepared from cells using either the RNeasy Mini kit (QIAGEN) or the TaqMan Gene Expression Cells-to-Ct kit (Applied Biosystems). The relative mRNA expression levels were determined by using gene-specific TaqMan gene expression assays (Applied Biosystems). Expression levels were normalized to β-glucuronidase (GusB) and relative expression was calculated using the ΔΔC~T~ method.

*HTRA1* Gene Targeting and Production of *HTRA1* Knockout Mice {#s2j}
--------------------------------------------------------------

Knockout mice used in these studies were designed and generated at Pfizer. The conditional knockout strategy was designed to flox exon 2 and 3. Gene targeting for the *HTRA1* CKO allele was carried out on 129SvEv ES cells. HTRA1-CKO targeting vector was constructed first by subcloning a genomic DNA fragment (13680 bp) with exon 2 and exon 3 roughly in the middle. Then the 5′ loxP and 3′ Neo-loxP cassettes were inserted upstream of exon 2 (501 bp from exon 2) and downstream of exon 3 (621 bp from exon 3), respectively. We first generated chimeric mice that contained the *HTRA1* CKO allele, which were mated with protamine-cre transgenic mice to generate animals that carry both the conditional allele and the protamine-cre transgene. These animals were then mated with wild-type mice to produce heterozygous exon 2 and exon 3 germline-deleted mice used for the generation of *HTRA1* null mutation mice, caused by an open reading frame shift resulting from the deletion of exon 2 and exon 3. The wild type allele was identified by PCR using a forward primer "For" (5′-CTGCATGTCCCTGTGCTCAGTTG-3′) and a reverse primer "Rev" (5′-GAACTGGGACCTTTCCAGTCCTCTTG-3′). The knockout allele was identified using the primer "For" and a knockout reverse primer "KO Rev" (5′-CCCTGCTTCTGAGTTACAGGCTAATGG-3′).

Microcomputed Tomography {#s2k}
------------------------

High-resolution microcomputed tomography (µCT) was used to evaluate trabecular volume fraction and microarchitecture in the distal femur (µCT20; Scanco Medical AG, Basserdorf, Switzerland) and the fourth lumbar vertebra (µCT40; Scanco Medical AG) [@pone.0074094-Regsegger1]. The femur was scanned at 35 kEv with a slice increment of 9 µm. CT images were reconstructed with an isotropic voxel size of 9 µm, and the gray-scale images were segmented using a constrained three-dimensional (3D) Gaussian filter (σ = 0.8, support = 1.0) to remove noise, and a fixed threshold (35% of maximal gray scale value) was used to extract the structure of mineralized tissue. Scanning was started approximately at the growth plate and extended proximally for 200 slices. Morphometric analysis was performed on 135 slices extending proximally beginning with the first slice in which the femoral condyles had fully merged. The entire fourth lumbar vertebra was scanned at 55 kEv, with a slice increment of 12 µm, and CT images were reconstructed with an isotropic voxel size of 12 µm. The gray-scale images were segmented using a constrained 3D Gaussian filter (σ = 0.8, support = 1.0) to remove noise, and a fixed threshold (22% of maximal gray scale value) was used to extract the structure of mineralized tissue. The trabecular bone within the vertebral body (excluding regions near the endplates) was identified using manually drawn contouring algorithms on approximately 200 CT slices per vertebrae (∼2.5 mm of vertebral height). Morphometric parameters computed for both skeletal sites included the bone volume fraction (BV/TV, %), trabecular thickness (Tb.Th, µm), trabecular number (Tb.N, \#/mm) and trabecular separation (Tb.Sp, µm). Tb.Th, Tb.N, and Tb.Sp were computed using algorithms that do not rely on assumptions about the underlying trabecular structure [@pone.0074094-Regsegger1]--[@pone.0074094-Hildebrand2].

Statistical Analyses {#s2l}
--------------------

All results are expressed as the mean ± s.e.m. Statistical comparisons for flow cytometry and gene expression studies were made using an unpaired one-tailed Student's *t* test. Data obtained from the µCt were analyzed for significance using ANOVA and Fisher's protected least significant difference test.

Results {#s3}
=======

HTRA1 Inhibits TGF-β Signaling {#s3a}
------------------------------

We first wanted to establish that HTRA1 inhibits TGF-β signaling. Our initial step was to verify that HeLa cells were responsive to TGF-β and could be used as a model cell type. In accordance with previous studies [@pone.0074094-Kim1]--[@pone.0074094-Murakami1], treatment of cells with TGF-β resulted in activation of the TGF-β pathway, indicated by an increase in Smad2 phosphorylation ([Figure S1](#pone.0074094.s001){ref-type="supplementary-material"}). To measure the effect of HTRA1 on TGF-β signaling, we used a TGF-β-specific transcriptional reporter assay. Cells were transfected with a construct containing the luciferase gene with Smad-responsive elements located within its promoter region, which measures activation of the TGF-β pathway. Treatment with recombinant TGF-β caused an approximate 7-fold upregulation of luciferase gene expression, which was inhibited in a dose-dependent manner by overexpressing HTRA1 ([Figure 1A](#pone-0074094-g001){ref-type="fig"}). Exogenous treatment of the cells with purified HTRA1 protein also inhibited TGF-β signaling in a dose-dependent manner, indicating that this regulation occurred extracellularly. A proteolytically inactive HTRA1 mutant (S328A) that contains a serine to alanine mutation within the serine protease domain [@pone.0074094-Hu1] had no effect on TGF-β-dependent transcription ([Figure 1B](#pone-0074094-g001){ref-type="fig"}). These results show that HTRA1 represses TGF-β signaling, and this inhibition is dependent on the protease activity of HTRA1.

![HTRA1 inhibits TGF-β-mediated transcription.\
(*A*) The effect of HTRA1 on TGF-β transcription was examined by co-transfecting HeLa cells with a luciferase reporter plasmid driven by tandem Smad responsive elements and with either control plasmid or 0, 25, 50, 100 or 150 ng of a plasmid that overexpresses HTRA1. After 24 hours, cells were either left untreated or treated with 10 ng/ml TGF-β for 16 hours to induce the Smad-responsive reporter gene. Relative luciferase activity was determined by calculating the ratio of firefly and *Renilla* luciferase activities. (*B*) The effect of exogenous treatment of HTRA1 on TGF-β-mediated transcription. HeLa cells were transfected with a Smad-responsive reporter and then either left untreated or treated with the indicated concentrations of purified HTRA1 or an inactive mutant, S328A. Relative luciferase activity was determined by calculating the ratio of firefly and *Renilla* luciferase activities. (*C*) TGF-β-induced expression of *PAI-1* mRNA. HeLa cells were transfected with either a control plasmid or an HTRA1 plasmid, and then treated with 10 ng/ml of TGF-β for the indicated times. (*D*) Expression of *PAI-1* mRNA in HeLa cells transfected with either a nonspecific control siRNA or with HTRA1 siRNA, then treated with 10 ng/ml of TGF-β for the indicated times. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, compared to TGF-β treated control (*A*, *B*), or empty plasmid and non-specific siRNA controls (*C*, *D*). Student's *t*-test, n = 3.](pone.0074094.g001){#pone-0074094-g001}

To confirm that HTRA1 was inhibiting TGF-β in a physiological context, we next examined the effect of either overexpressing or silencing HTRA1 on the expression of *PAI-1*, a well-known endogenous TGF-β-responsive gene [@pone.0074094-Westerhausen1]. As shown in [Figure 1C](#pone-0074094-g001){ref-type="fig"}, cells that overexpressed HTRA1 exhibited a decreased response to TGF-β, indicated by the decrease in *PAI-1* expression in response to TGF-β treatment. When cells were transfected with HTRA1 siRNA, which reduced HTRA1 expression as shown by western analysis ([Figure S2A](#pone.0074094.s002){ref-type="supplementary-material"}), the TGF-β-induced *PAI-1* levels increased as compared to cells transfected with a negative control ([Figure 1D](#pone-0074094-g001){ref-type="fig"}). Similar results were seen with other TGF-β -responsive genes, *Smad7* and *GADD45B* (data not shown). These data further indicate that HTRA1 negatively regulates gene expression induced by TGF-β.

HTRA1 Cleaves Type II and III, but Not Type I, TGF- β Receptors {#s3b}
---------------------------------------------------------------

We found that exogenous treatment of HTRA1 inhibited TGF-β signaling ([Figure 1B](#pone-0074094-g001){ref-type="fig"}), which cannot be explained by the intracellular cleavage of TGF-β by HTRA1, a mechanism previously described by Shiga et al. [@pone.0074094-Shiga1]. We therefore investigated whether another regulatory mechanism exists that involves the HTRA1-mediated degradation of an extracellular component(s) of the TGF-β signaling pathway. Incubation of mature TGF-β protein with various concentrations of recombinant HTRA1 did not cause any degradation of TGF-β (data not shown). We then determined whether HTRA1 can cleave TGF-β receptors, since the responsiveness of a cell to TGF-β can be modulated by regulating the presentation of TGF-β receptors on the cell surface. Indeed, exogenous treatment with HTRA1 resulted in cleavage of both TβRII and TβRIII in a dose-dependent manner, but it did not affect the integrity of TβRI ([Figure 2A](#pone-0074094-g002){ref-type="fig"}). Importantly, cleavage increased with the addition of the HTRA1 agonist CPII [@pone.0074094-MurwantokoYano1], however the proteolytically inactive S328A mutant had no effect ([Figure 2A](#pone-0074094-g002){ref-type="fig"}). To determine if HTRA1 can cleave membrane-bound TGF-β receptors and if cleavage can occur within the context of the cell, we overexpressed HTRA1 and prepared membrane protein extracts. Consistent with the above results, there was less TβRII and TβRIII on the surface of cells overexpressing HTRA1 as compared to the control, whereas the level of TβRI remained unchanged ([Figure 2B](#pone-0074094-g002){ref-type="fig"}). Overexpression of HTRA1 did not affect the mRNA expression of the TGF-β receptors ([Figure 2C](#pone-0074094-g002){ref-type="fig"}), therefore the decrease in protein levels on the cell surface is not due to a reduction in transcription of the receptor genes. Our data demonstrate that HTRA1 cleaves TβRII and TβRIII from the cell surface, potentially leading to a decrease in downstream TGF-β signaling.

![HTRA1 cleaves TGF-β receptors.\
(*A*) Cleavage of TGF-β receptors by HTRA1 *in vitro*. Equal amounts of purified TGF-β receptors were incubated with increasing amount of purified HTRA1 with or without CPII, an HTRA1 agonist. The inactive mutant, S328A, was also incubated with the receptors in the presence or absence of CPII. Protein digestions were analyzed by western blot. UD = undigested proteins. (*B*) HTRA1 cleavage of TGF-β receptors from the cell surface. HeLa cells were transfected with either a control or HTRA1 plasmid in addition to plasmids encoding either TβRIII, TβRII or TβRI. Membrane proteins were isolated and analyzed by western blot for cleavage of membrane bound receptors. Cadherin was used as a loading control. Overexpression of His-tagged HTRA1 was confirmed with an anti-His antibody. (*C*) mRNA levels of the TGF-β receptors after HeLa cells were transfected with either a control or HTRA1 plasmid.](pone.0074094.g002){#pone-0074094-g002}

Silencing of *HTRA1* Expression Results in Increased Binding of TGF- β to the Cell Surface and Enhanced TGF- β Signaling {#s3c}
------------------------------------------------------------------------------------------------------------------------

We next wanted to demonstrate that the presence of HTRA1 reduced the amount of TGF-β binding to the surface of the cell, so we used flow cytometry to quantify the amount of bound TGF-β in cells transfected with either nonspecific control siRNA or HTRA1 siRNA. Previous work has found that A549 cells are more responsive to TGF-β than HeLa cells [@pone.0074094-Kim1], therefore we moved forward using these cells. The cells were transfected with HTRA1 siRNA, which reduced HTRA1 protein levels ([Figure S2B](#pone.0074094.s002){ref-type="supplementary-material"}). Knockdown of HTRA1 led to an approximately 60% increase in binding of TGF-β to the cell surface ([Figure 3A and B](#pone-0074094-g003){ref-type="fig"}), providing further evidence that HTRA1 regulates TGF-β signaling at the cell surface.

![Regulation of TGF-β signaling by HTRA1.\
(*A*)(*B*) Binding of TGF-β to the cell surface as measured by flow cytometry. Cells were transfected with either nonspecific control siRNA or HTRA1 siRNA and then incubated with either biotinylated TGF-β or a biotinylated negative control protein to measure the background. Solid gray = background, dashed line = control siRNA, black line = HTRA1 siRNA. (*B*) Bar chart indicates the mean FITC values after subtraction of the background level. \*\**P*\<0.01, Student's *t*-test, n = 4. (*C*) Immunoblot of total and phosphorylated Smad2 (465/467) in A549 cells transfected with either control or HTRA1 siRNA, and then treated with 1 ng/ml TGF-β for the indicated times. β-actin was used as a loading control. (*D*) The effect of HTRA1 knockdown on the expression of TGF-β-regulated genes. A549 cells were transfected with either nonspecific control siRNA or HTRA1 siRNA and then treated with 1 ng/ml TGF-β for the indicated times. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, Student's *t*-test, n = 3.](pone.0074094.g003){#pone-0074094-g003}

Binding of TGF-β to its receptor leads to activation of TβRI, which then propagates the signal via the intracellular phosphorylation of receptor-regulated Smad proteins (R-Smads). Following TGF-β stimulation, we found that Smad2 was phosphorylated within 15 min. HTRA1 knockdown resulted in a 1.9-fold increase in phospho-Smad2 levels after 2 h of stimulation ([Figure 3C](#pone-0074094-g003){ref-type="fig"}), indicating an increase in TGF-β signaling. Subsequent to phosphorylation, the R-Smad complex translocates into the nucleus and binds to Smad-responsive elements within a promoter, thus regulating gene expression. Therefore, we next examined whether the increase of phosphorylation due to the reduction of HTRA1 also modulated the expression of TGF-β-regulated genes. Following transfection with either control or HTRA1 siRNA, we treated cells with TGF-β and measured the induction of several genes known to be direct transcriptional targets of TGF-β signaling: *CTGF* [@pone.0074094-Grotendorst1], *PAI-1* [@pone.0074094-Westerhausen1], *SNAI1* and *SNAI2* [@pone.0074094-Peinado1]. The loss of HTRA1 significantly increased expression of these genes after TGF-β stimulation for 8, 16 and 24 h ([Figure 3D](#pone-0074094-g003){ref-type="fig"}). This confirms that receptor cleavage by HTRA1 affects the downstream signaling of TGF-β, and ultimately results in the inhibition of TGF-β-regulated gene expression.

Knockout of the *HTRA1* Gene Enhances TGF-β Signaling in Mouse Embryonic Fibroblasts and Causes an Increase in Bone Formation in Mice {#s3d}
-------------------------------------------------------------------------------------------------------------------------------------

To explore the role of HTRA1 *in vivo*, we generated *HTRA1* null mice. Exons 2 and 3 of the *HTRA1* gene were flanked by LoxP sites, which were deleted following Cre-mediated excision ([Figure 4A](#pone-0074094-g004){ref-type="fig"}). This resulted in an open reading frame shift, generating a null mutation. To confirm the deletion, primers were designed such that there was one forward primer and two reverse primers, with the wild type reverse primer located upstream of exon 2 and the knockout reverse primer located after the 3′ LoxP site ([Figure 4A](#pone-0074094-g004){ref-type="fig"}). PCR of the wild type allele thus generated an ∼150 bp product, whereas the knockout reverse primer produced an ∼340 bp product that could only be amplified following Cre-Lox recombination ([Figure 4B](#pone-0074094-g004){ref-type="fig"}). The heterozygous mice were identified by the presence of both of these bands ([Figure 4B](#pone-0074094-g004){ref-type="fig"}).

![The *in vivo* effects of loss of HTRA1.\
(*A*) Schematic of the *HTRA1* knockout strategy. Primers were designed with one forward primer (For) that amplifies an amplicon for the wild type and heterozygous alleles with a corresponding reverse primer (Rev), and a second reverse primer designed to only amplify the knockout. The knockout reverse primer (KO Rev) only amplifies following CRE-LOX recombination. Solid triangles = loxP sites; EV = EcoRI. E2 = Exon2; E3 = Exon3. (*B*) Genotype results of mouse embryonic fibroblasts showing confirmation of the generation of *HTRA1*+/− and *HTRA1*−/− mice. (*C*) Expression of TGF-β-regulated genes in embryonic fibroblasts from wild type (WT) and *HTRA1* knockout (KO) mice. Cells were treated with 1 ng/ml TGF-β for the indicated times. \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, Student's *t*-test, n = 9 for each cell type. (*D*) Microcomputed tomography and parameters of trabecular bone in the distal femurs in wild type (WT), *HTRA1* heterozygous (HET) and *HTRA1* knockout (KO) mice (all males, 3 months old). (*E*) Microcomputed tomography and parameters of trabecular bone in the fourth vertebrae in wild type (WT), *HTRA1* heterozygous (HET) and *HTRA1* knockout (KO) mice. For both (*D*) and (*E*), \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, ANOVA and Fisher's protected least significant difference test, n = 13.](pone.0074094.g004){#pone-0074094-g004}

We then isolated mouse embryonic fibroblasts (MEFs) from both the wild type and *HTRA1−/−* mice, and assessed the changes in expression of TGF-β-regulated genes resulting from the *HTRA1* deletion. Following stimulation with TGF-β for 8, 16, and 24 h, we found that deletion of *HTRA1* significantly enhanced the induction of three genes known to be involved in bone formation: *RUNX2*, *CTGF*, and *PAI-1* ([Figure 4C](#pone-0074094-g004){ref-type="fig"}). RUNX2 is a transcription factor that is essential for osteoblast differentiation and bone formation [@pone.0074094-Ducy1]. A conditional gene knockout study has demonstrated that CTGF is necessary for normal skeletal development [@pone.0074094-Canalis1]. PAI-1, a specific inhibitor of two plasminogen activators, tissue-type plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA), may also contribute to the regulation of bone homeostasis, since mice lacking tPA and uPA show increased bone formation and bone mass [@pone.0074094-Daci1]. Given the effect of HTRA1 deletion on the transcription of osteogenic genes in MEF cells, we used microcomputed tomography (µCT) to examine the trabecular architecture of the vertebrae ([Figure 4D](#pone-0074094-g004){ref-type="fig"}) and femurs ([Figure 4E](#pone-0074094-g004){ref-type="fig"}) of wild type, heterozygous and *HTRA1* null mice. The results presented show the µCT scans with bar graphs below to indicate the morphometric parameters (bone volume fraction, and trabecular thickness, number, and separation). A significant increase in bone volume in both the distal femurs and the vertebrae was detected in the *HTRA1* knockout mice (by 48.3% and 19.9%, respectively). Trabecular thickness in both the distal femurs and the vertebrae was also found to be significantly increased in the HTRA1 knockout mice ([Figure 4D and E](#pone-0074094-g004){ref-type="fig"}). Importantly, there was no difference in body weight between the HTRA1−/− mice and the wild type mice at 3 months of age, and gross examination of the HTRA1−/− mice did not reveal any non-skeletal abnormalities. This suggests that HTRA1 negatively regulates bone mass *in vivo*, possibly by inhibiting TGF-β family signaling.

Discussion {#s4}
==========

An inhibitory effect of HTRA1 on the TGF-β family pathway has been previously reported [@pone.0074094-Oka1], [@pone.0074094-Shiga1], [@pone.0074094-Tocharus1], but the precise mechanism of inhibition was not fully understood. Our study demonstrates that HTRA1 antagonizes TGF-β signaling by cleaving its receptors. HTRA1 has been shown to bind to several TGF-β family members, but despite the fact that inhibition of TGF-β family signaling by HTRA1 is dependent on its proteolytic activity, HTRA1 did not appear to cleave these factors [@pone.0074094-Oka1]. An intracellular mechanism was recently proposed by Shiga et al., who reported that HTRA1 decreased TGF-β signaling by cleaving proTGF-β within the intracellular space, thus reducing the amount of mature TGF-β [@pone.0074094-Shiga1]. They showed that HTRA1 was able to cleave LAP, the N-terminal of proTGF- β, within the endoplasmic reticulum (ER), but that it was unable to cleave mature TGF-β. In contrast, an earlier study showed that HTRA1 was able to inhibit signaling triggered by recombinant mature TGF-β in mouse C2C12 myoblast cells [@pone.0074094-Oka1]. In this case recombinant TGF- β was added to the culture medium, therefore inhibition could not have occurred via an intracellular event. Because the active form of HTRA1 exists as both a secreted protein [@pone.0074094-Zumbrunn1] as well as an intracytoplasmic protein [@pone.0074094-Clawson1], [@pone.0074094-Chien1], it seems probable that HTRA1 can regulate TGF-β at different points in the pathway. Our data show that an extracellular regulatory mechanism does in fact exist, whereby HTRA1 mediates degradation of the TGF-β receptors. Our results indicate that HTRA1 cleaves the TGF-β receptors TβRII and TβRIII, but does not affect TβRI, and that this results in a decrease of downstream TGF-β signaling.

TGF-β is known to regulate the bone-remodeling process, although its role is complicated because it impacts both bone resorption and formation [@pone.0074094-Janssens1]. The modulation of TGF-β signaling at the receptor level can have direct consequences in the homeostasis of bone development, as shown by several *in viv*o studies. Conditional knockout of *Tgfbr2* in Col2a-expressing cells resulted in defects in skeletal development of the skull and the vertebrae during the embryonic stage [@pone.0074094-Baffi1], and deletion of *Tgfbr2* by Prx-Cre caused defects in the long bones, joints and skull [@pone.0074094-Seo1], [@pone.0074094-Seo2].

HTRA1 has been suggested to play a part in bone development as well, and it has been shown that there is a correlation between the expression patterns of HTRA1 and TGF-β [@pone.0074094-Oka1], [@pone.0074094-Tsuchiya1]. Indeed, HTRA1 has been shown to have a role in osteogenesis and mineralization, although the data are conflicting as to whether it promotes or inhibits this process. Consistent with our results, an *in vitro* study reported that HTRA1 has a negative impact on mineralization [@pone.0074094-Hadfield1]. HTRA1 expression increased in differentiating 2T3 osteoblasts, but was subsequently downregulated following mineralization. SiRNA silencing of HTRA1 expression in these cells resulted in increased mineralization, whereas HTRA1 overexpression reduced it. In contrast, Tiaden et al. found that HTRA1 increased osteogenesis of mesenchymal stem cells (MSCs) and promoted mineralization by differentiating bone cells [@pone.0074094-Tiaden1]. Recombinant HTRA1 added to the initiation phase of mineralization promoted formation of the mineralized matrix but had no effect at earlier time points, suggesting that the differentiation status of the cells was important to this regulation. It is possible that these inconsistent *in vitro* results stem from differences in cell type, differentiation stage or culture conditions, similar to what has been shown to occur with TGF-β [@pone.0074094-Janssens1]. Despite the discrepancies in the *in vitro* experiments, our *in vivo* data clearly demonstrate that the end result of a loss of HTRA1 is an increase in bone formation. We have found that deletion of *HTRA1* in mice causes a significant increase in trabecular bone volume, as determined by µCT. By comparing wild type and HTRA1 deficient MEFs, we found that several genes that are repressed by HTRA1 are involved in the regulation of bone formation. These findings reveal a critical role of HTRA1 in regulating bone development.

We hypothesize that HTRA1 may inhibit bone formation by antagonizing signaling mediated by TGF-β family proteins, and by repressing the expression of downstream genes such as *RUNX2*, *CTGF*, and *PAI-1* which are known to be essential during bone development. From our data we cannot conclude that the effect of HTRA1 on bone formation is solely due to inhibition of TGF-β, as antagonism of other TGF-β family members by HTRA1 could contribute to this effect as well. It has been reported that TβRIII directly and specifically binds to some BMPs to enhance their signaling, including BMP-2, BMP-4 and BMP-7, with similar kinetics as previously determined for TGF-β [@pone.0074094-Kirkbride1]. All three of these BMPs are well known anabolic factors that can potently induce bone formation. Indeed, overexpression of HTRA1 in 2T3 osteoblasts prevents BMP-2-induced mineralization *in vitro* [@pone.0074094-Hadfield1], suggesting that HTRA1 may inhibit BMP-2 signaling and matrix calcification by cleaving TβRIII. In additional, HTRA1 may be acting via dual-mechanisms, anti-anabolically by antagonizing signaling pathways mediated by TGF-β family proteins, as well as catabolically by cleaving matrix proteins [@pone.0074094-Tocharus1], [@pone.0074094-Chamberland1]. It is therefore possible that increased bone mass found in *HTRA1*−/− mice may be in part due to decreased degradation of some bone matrix proteins. Clearly more work is needed to further characterize the mechanisms by which HTRA1 regulates osteogenesis.

Conclusion {#s5}
==========

Although HTRA1 is known to bind to TGF-β family members, this is the first study to show that HTRA1 is able to cleave TGF-β receptors. Our results identify a novel mechanism by which HTRA1 inhibits TGF-β signaling, demonstrating that HTRA1 degrades TβRII and TβRIII, but not TβRI, which subsequently leads to decreased downstream TGF-β signaling. Moreover, several genes that are repressed by HTRA1 are involved in the regulation of bone formation, and importantly, deletion of *HTRA1* significantly increased trabecular bone volume. The current study identified a novel mechanism by which HTRA1 inhibits TGF-β signaling, and suggests that HtrA1 may play an important role in bone development, possibly by inhibiting signaling of TGF-β family proteins.

Supporting Information {#s6}
======================

###### 

**HeLa cells are responsive to TGF-β treatment.** Description: Treatment with TGF-β for the indicated times induced phosphorylation of Smad2, as measured by western blotting.

(TIF)

###### 

Click here for additional data file.

###### 

**HTRA1 knockdown in HeLa and A549 cells.** Description: A) HeLa cells or B) A549 cells were transfected with either a nonspecific control siRNA or an siRNA targeting HTRA1. Knockdown of HTRA1 was analyzed by western blotting. β-actin was used as a loading control. Blots are representative of three independent experiments.

(TIF)

###### 

Click here for additional data file.

The authors would like to acknowledge L. Racie, W. Stochaj, T. Awad, and E. Lavallie for generation of HTRA1 plasmids and for purification of HTRA1 recombinant protein. We also acknowledge E.A. Morris, M. Zhang, T. Blanchet, P. Bialek, and P. Wu for their expert assistance.

[^1]: **Competing Interests:**The authors have the following interests: This study was funded by Pfizer Inc. All authors are either current or former Pfizer employees. There are no patents, products in development or marketed products to declare. This does not alter our adherence to all the PLOS ONE policies on sharing data and materials, as detailed online in the guide for authors.

[^2]: Conceived and designed the experiments: JRG AC CF ZY. Performed the experiments: JRG AC QL XJL DD WZ MSR MAR ZY. Analyzed the data: JRG AC XJL ZY. Wrote the paper: JRG AC ZY. Supervised the study: ZY.
